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A lattice model of protein conformation and dynamics is used to explore the requirements for the de
novo folding from an arbitrary random coil state of idealized models of four and six-member
b-barrels. A number of possible conjectures for the factors giving rise to the structural uniqueness
of globular proteins are examined. These include the relative role of generic hydrophilic/
hydrophobic amino acid patterns, the relative importance of the specific identity of the hydrophobic
amino acids that form the core of the protein and the possible role played by polar groups in
destabilizing alternative, misfolded conformations. These studies may also provide some insights
into the relative importance of short range interactions, cooperative hydrogen bonding and tertiary
interactions in determining the uniqueness of the native state, as well as the cooperativity of the
folding process. Thus, these simulations may provide guidelines for the early stages of the protein
design process. Possible applications to the general protein folding problem are also briefly
discussed. ©1995 American Institute of Physics.

I. INTRODUCTION

Lattice models of polypeptide conformation and dynam-
ics are a useful tool for exploring aspects of the complex
thermodynamics and folding kinetics of proteins. Indeed, a
large variety of reduced or simplified models of proteins1–23

have been studied.24 Roughly speaking, these protein models
can be divided into two classes. There are extremely sche-
matic, simplified models that presumably reproduce some of
the most basic features of proteins. These can be studied in
great detail and provide the possibility of a rather rigorous
test of some general theoretical questions concerning protein
stability, cooperativity of interactions, and the nature of the
folding process.3,17–19 However, because of their highly
schematic nature, they may miss important physical features
of real proteins such as the role of hydrogen bonding in
determining protein conformation and the relative entropy of
compact states. On the other hand, there are intermediate
resolution models that try to reproduce, with varying levels
of accuracy, the geometrical and sequence details14,20,23,25–28

with their ultimate objective being the folding of real protein
sequences. It is expected that for these more accurate mod-
els, the energy landscape, dynamic features, and geometry of
modeled structures more closely mimic the behavior of real
proteins. Their disadvantage is that the numerical studies
~due to larger computational costs! have to be less extensive.
In this paper, we focus on the application of such models to
the folding of idealized sequences ofb-proteins.

Recently, we proposed an intermediate resolution model
based on the use of a fine lattice approximation to the con-
formational space of polypeptide chains.25–28 The resulting

Ca representation of the polypeptide main chain is geometri-
cally rather accurate. All three-dimensional protein structures
from the Brookhaven Protein Data Bank~PDB! ~Refs. 29
and 30! can be fitted to the lattice with an error in the range
of 0.6–0.7 Å root mean square deviation~rms! ~Ref. 23! for
the Ca atoms. The side chain rotamers were represented as a
single sphere, located at the center of mass of the side chain
in its particular isomeric state. The geometric accuracy of the
side chain representation is on the level of 1–2 Å rms. The
hydrogen bonds were implicitly defined using a variant of
the Levitt–Greer method31 of secondary structure assign-
ment. The force field of the model was based on several
potentials of mean force derived from the statistics of inter-
actions seen in the PDB structures. The resulting approxima-
tions in the geometrical representation and interaction
scheme lead to a circa 2–3 Å rms accuracy for the represen-
tation of the entire protein backbone. This means that two
low energy structures, with essentially the same side chain
contact map12 and the same pattern of model hydrogen bonds
may differ by 2–3 Å rms. Starting from sequence informa-
tion alone and a randomly selected initial denatured state, a
low to moderate resolution folded state of several small pro-
teins has been obtained.14,25–28Generally, the method was
more successful for helical proteins.b-motifs can only be
reproducibly obtained in the case of very short sequences
and very simple topology, as was demonstrated in the folding
simulations of crambin.26 For more complexb-type struc-
tures, the model could not distinguish between various to-
pologies and/or it was unable to find the lowest energy, ‘‘na-
tivelike’’ state in a reasonable amount of computer time. Part
of the reason for this failure may be due to the increased
topological complexity ofb-proteins and part may be due to
the unphysically large flexibility ofb-strands exhibited by
these models.

It is important to understand the reasons for these limi-
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tations of the model, which was quite successful for simple
helical proteins and small~also helical! macromolecular
assemblies.27 Therefore, the short range interaction scheme
was re-examined.32 The most important update was a more
straightforward treatment of the peptide bond atoms. As was
recently demonstrated by Oldfield and Hubbard,33 the Ca
trace based definition of secondary structure is no less spe-
cific than the frequently used phi–psi Ramachandran map.34

Consequently, the positions of peptide bond atoms between
the i th andi11st alpha carbons are precisely defined by two
consecutive planar angles of the Ca trace and one dihedral
angle. The short range angular correlations between peptide
bond plates are typical of those found in regular secondary
structure; thus, the correlations of the Ca vectors and corre-
lations of the side chain directions provide a better represen-
tation of secondary structure propensities encoded in the
amino acid sequence. Additionally, there is a simple and fast
way to define geometrical criteria for main chain hydrogen
bonding. The resulting improved model provides a geometric
representation that more closely mimics the geometry found
in the native state of globular proteins. In particular, by in-
cluding the positions of the amide hydrogens and carbonyl
oxygens in the calculation of the hydrogen bond energy, the
registration of both parallel and antiparallelb-sheets is sub-
stantially improved.

Understanding the requirements for the formation of
simple structural motifs is a necessary step along the way
towards the de novo computer modeling of more complex
proteins. Studying such simplified sequences in the context
of intermediate resolution protein models may also provide
more general insights into the thermodynamics and dynamics
of protein folding. Among the questions addressed are the
following: Can a general hydrophobic/hydrophilic pattern
comprised of two kinds of amino acids yield unique native
like states? There are some suggestions that variation in
identity of the hydrophobic amino acids in the core of the
protein is a prerequisite for a unique native state. What is the
role of surface hydrophilic residues and charged groups? Are
they necessary to help eliminate alternative topologies? What
is the role of turns? Can they influence the outcome for the
stability of the final topology? By exploring the effect of
such sequence variations on the uniqueness of the final
folded conformation, the objective of this paper is to provide
some insights into the factors responsible for formation of a
unique topology in globular proteins. However, it is very
likely that the sequences we consider do not have unique
side chain packing and that the low temperature state corre-
sponds to the molten globule state of proteins.35–37The ex-
perimental design of sequences which exhibit side chain
fixation has also proven to be difficult;35 thus, these studies
do not focus on the problem of side chain fixation. Rather,
we examine questions associated with the formation of a
dense collapsed state with proper secondary structure, and
with a unique topology of connections of these secondary
structural elements.

II. DESCRIPTION OF THE MODEL

The geometrical details of the fine lattice reduced repre-
sentation of polypeptide chains were recently described.32

Here, we briefly outline the model for the reader’s conve-
nience. The reference state for the definition of backbone
atoms and each single ball side chain is provided by the Ca
backbone that is confined to the lattice. Then-residue
polypeptide is represented byn11 vectorsa•v that connect
n consecutive Cas, and two terminal caps. These vectors
belong to the set of 90 vectors$v%5$@3,1,1#,...@3,1,0#,...
@3,0,0#,... @2,2,1#,... @2,2,0#,.%; a51.22 Å and isobtained
from the best fit of lattice Cas to PDB structures. For each
amino acid, we define a side chain rotamer library. The num-
ber of model rotamers of residuei depends on its identity
and on backbone local geometry as defined byvi21 andvi .
The centers of mass of the model rotamers coincide~by con-
struction! with an accuracy of 1.0 Å with respect to real side
group rotamers. On the basis of the frequency of various
rotamers in protein structures, a mean field statistical poten-
tial can be defined. In addition, there are terms that reflect the
intrinsic tendency of amino acids to adopt a given kind of
secondary structure. Some of these terms are specific to the
particular sequence under consideration; others are generic
and are designed to adjust the lattice model so that it adopts
a set of proteinlike conformational states. Hydrogen bonding
is also included. While the free energy of peptide backbone
hydrogen bond formation is in reality probably comparable
to the free energy of backbone hydrogen bond formation
with water, what is most certainly true is that the absence of
any backbone hydrogen bonds is very costly. Thus, in both
the models and in real proteins, this is an essential term that
serves to eliminate many distorted, nonproteinlike backbone
conformations and is a very important geometric regularizing
term. Then, there are terms that reflect the tendency of indi-
vidual amino acids to be buried or exposed to water. Finally,
there are pair interactions that reflect the preference of amino
acid pairs to interact with each other. All statistical potentials
described below are available by anonymous ftp.42

A. Short range interactions

The short range interactions that have been designed to
reproduce intrinsic secondary structure propensities have
been recently described.32 The sequence dependent local
conformational propensities are characterized by the follow-
ing potentials of mean force:

Es5( e~Ai ,Ai11 ,r i21,i12
2* !, ~1!

with

r 2*5sign@~vi21^vi !•vi11#r i21,i12
2 ,

r i21,i12
2 5~vi211vi1vi11!

2,

where( denotes the summation along the chain,Ai is resi-
due type at positioni , andvi is the virtual bond vector from
the i th to i11st Ca. The local polypeptide conformation is
defined by three consecutive backbone vectors;vi21, vi , and
vi11. r i21,i12

2* is the ‘‘chiral’’ square of distance between the
corresponding chain vertices. ‘‘Chiral’’ means a negative
sign for left handed conformations and a positive sign for
right handed conformations, respectively.
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We also include an amino acid pair specific potential that
reflects the angular correlations between side chain vectors25

Esg-local5( ek@Ai ,Ai1k ,cos~Q i ,i1k!# k51,2,3,4,

~2!

whereQ i , j is the angle between the side group vectors~the
vector from the Ca to the center-of-mass of the current rota-
mer! of residuesi and j . The potential has the form of a
histogram with an angular interval equal to 36 deg~and a
range of 0–180 deg!.

There are also three generic~i.e., amino acid indepen-
dent! terms describing the short range interactions. They cor-
rect the distribution conformational states of the lattice chain,
thereby enforcing a ‘‘proteinlike’’ distribution of states. The
first such term is of the form

Eg5( eg~vi21 ,vi ,vi11!, ~3!

whereEg is defined in the same spirit as the short range
sequence specific contribution,Es . Here, the exact number
of occurrences of a particular triplet of vectors in a lattice
fitting to a set of native protein structures is used. It is stored
as a projection into six bins of the chiral end-to-end distance
for a particular conformation of the chain fragments. The
zero of energy corresponds to the average frequency of vec-
tor triplets seen in the database.

Additionally, there are corrections to the distribution of
the end-to-end distance of four vector fragments. The distri-
bution should be peaked at small distances corresponding to
helical ~and turnlike! states and at large distances corre-
sponding to expanded~b-type! states. This stands in contrast
to the athermal lattice chains whose distribution has a maxi-
mum at intermediate distances. The correction is of the fol-
lowing simple form:

Eh5( h i~r i22,i12
2 !, ~4!

where

h i521 for r i22,i12
2 ,35,

h i521 for r i22,i12
2 .75,

h i50 otherwise.

The ‘‘proteinlike’’ stiffness of the main chain is simu-
lated by enforcing strong orientational correlations of the
peptide bond plates32 ~only trans conformations of the pep-
tide bond are assumed!,

Ep5( @cos~hi,hi12!1cos~hi,hi14!#, ~5!

where cos~hi ,hj! denotes the cosine between thei th and j th
vectors defining the orientation of the peptide bond plates
~the vectors between the amide hydrogen and the carbonyl
oxygen!. We note that the positions of the backbone atoms
are well defined by the local geometry of the Ca chain.

The total short range energy of the model chain is com-
puted as

Elocal5Es1Esg-local1Eg1Eh1Ep . ~6!

Due to the presence of long range interactions, the sequence
specific secondary structure preferences are suppressed in
comparison to the scaling employed in the previous study of
the model that only possessed short range interactions.32

Thus, all the energetic terms are equally weighted.

B. Model of hydrogen bonds

Having the positions of the oxygen and hydrogen atoms
of the peptide bonds defined and stored in a local coordinate
system provided by three consecutive Ca backbone vectors,
it is possible to define model hydrogen bonds as a simplified
Coulombic interaction between these atoms. The hydrogen
and oxygen atoms interact via the following potential:

eH-bond5qH~12 fH!/@rO,H12•exp~2rO,H
2 !#, ~7!

where fH , the angular factor, is of the following form:

fH5@0.772cos~rOi ,Hj ,rOi ,Hi !#
2

1@0.772cos~rOi ,Hj ,rOjHj !#
2. ~8!

qH is an arbitrary scaling factor for the strength of the hy-
drogen bond in model peptides that implicitly accommodates
partial charges, local dielectric constant, etc.rOi ,Hj is the
vector between the oxygen in peptide platej and the hydro-
gen in peptide platei . The above scheme reproduces the
average geometry of H-bonds in proteins with reasonable
accuracy. Due to the lack of a hydrogen atom in the peptide
bond, proline residues can participate in one main chain hy-
drogen bond. This model definition of the H-bonds, when
applied to the original~off-lattice! Ca, traces of PDB struc-
tures recovers almost all main chain H-bonds as assigned by
the Kabsch–Sander38 method. However, a substantial num-
ber of local hydrogen bonds are omitted.

Parallel and antiparallelb-structures have a different pat-
tern of hydrogen bonds when the identity of individual hy-
drogen bonds~e.g., residue 6 has a hydrogen bond with resi-
due 44! is associated with the amino acids. If, however, one
associates the numbering of amide hydrogens and carbonyl
oxygens with consecutive peptide bonds rather than with the
original amino acid units, then the hydrogen bond pattern
becomes the same for both types ofb-structures. This rela-
beling has an additional advantage. The resulting relabeled
hydrogen bond pattern is qualitatively the same for helical
and all types ofb motifs. Consequently, the cooperativity of
the hydrogen bond network can be simply introduced. We
add a cooperative contribution for all consecutive pairs of
hydrogen bonds, i.e., when there is ani , j hydrogen bond and
an i11,j11 hydrogen bond~also an i21,j21, or an
i21,j11, or an i11,j21 bond! at the same time. This
requires the definition of a threshold value for the formation
of a hydrogen bond, which is set to0.20qH in the context of
Eqs.~7! and~8!. ~This number was obtained in order to make
this hydrogen bond definition compatible with that given by
Kabsch and Sander.! The contribution per cooperative
H-bond is assumed to be equal to the above threshold value.
For hydrogen bonds participating in regular structural motifs
~b-sheets ora-helices!, the cooperative contribution is
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doubled and serves to propagate regular secondary structure.
The physical meaning of this semiempirical approach is very
similar to the propagation parameter of the Zimm–Bragg
statistical mechanical model for the helix–coil transition,39

or the similar Mattice40 model of theb-sheet to random coil
transition. Here, both helical andb-sheet conformational
transitions are treated identically.

C. Long range interactions

Long range tertiary interactions contain two contribu-
tions; both are based on the statistics of interactions seen in
high resolution protein structures from the PDB. The first
contribution is a one body, centrosymmetric potential that
reflects the tendency of hydrophobic residues to be buried
inside the globule and the tendency of hydrophilic residues
to be exposed to solvent. The solvent molecules implicitly
contribute to the potential of mean force,41

E15( e1@r ~Ai !/S0#, ~9!

with

S052.2n0.38 ~ in Å !, ~10!

whereS0 is the expected radius of gyration of a single do-
main protein consisting ofn amino acids in its native form.
r (Ai) is the distance of the center of mass of thei th side
group from the center-of-mass of the entire chain. The po-
tential is derived from the statistics of single domain proteins
and is used in the form of a histogram. The reference state is
a randomly packed globule of average composition. The val-
ues ofe1 are available via anonymous ftp.42

All pairwise tertiary interactions are neglected up to the
fourth neighbors down the chain, since these short range in-
teractions are already accounted for by the hydrogen bond

potential and secondary structure preferences. The pair inter-
actions beyond the fourth neighbor are derived from the sta-
tistics of the database. For residuesi and j ,

Ei j5H Erep, for r i j,Ri j
rep

e i j , for Ri j
rep,r i j,Ri j , and e i j.0

f e i j , for Ri j
rep,r i j,Ri j , and e i j,0

~11!

f51.02@cos2~ui,uj !2cos2~20°!#2, ~12!

whereRi j
rep andRi j are the cutoff values for strong excluded

volume interactions and for square-well, soft pairwise inter-
actions, respectively.Ri j

rep equals the average contact distance
Ri j minus two standard deviations of this value, whereasRi j

is equal toRi j plus three standard deviations. The average
pairwise contact distances and the standard deviations are
available via anonymous ftp.42 Erep is the penalty for hard
sphere overlap and is equal to 4–5 kT.e i j is the pairwise
interaction energy~for all the combinations of the side
groups and the backbone units!. The procedure for the deri-
vation of e i j is found in the Appendix, and the parameters
themselves are found in Table I. For side groups, it is mod-
erated by an angular factor that reflects the average preferred
packing angle between interacting secondary structure ele-
ments. For nonstructured fragments~as detected during the
simulation!, f51; while for structured fragments~helices or
b-strands!, f is given by Eq.~12!, whereui5r i122r i22, and
r k are the coordinates of thekth Ca.

D. Scaling of the contributions to the potential

The force field described in the preceding sections con-
tains several potentials of mean force that must be scaled.
This scaling is, to some extent, arbitrary, but would produce
nonphysical behavior outside of a range of values of the
parameters. The values of these scaling factors were chosen

TABLE I. Numerical values of pairwise interaction energy parameters.

BCK GLY ALA SER CYS VAL THR ILE PRO MET ASP ASN LEU LYS GLU GLN ARG HIS PHE TYR TRP

BCK 21.0 20.1 20.2 0.1 20.5 0.3 0.4 0.5 0.7 0.4 1.4 0.8 0.7 1.7 2.3 1.1 1.5 1.2 1.1 1.1 0.8
GLY 20.1 0.4 0.1 0.1 0.3 0.3 0.1 0.5 0.7 0.4 0.0 0.3 0.5 1.6 1.2 0.5 0.9 0.8 0.120.5 21.1
ALA 20.2 0.1 20.4 0.1 20.5 20.7 0.1 20.8 0.4 20.7 0.5 0.3 20.7 1.7 1.5 0.4 1.220.2 21.2 20.9 20.9
SER 0.1 0.1 0.120.6 0.2 0.5 20.2 0.7 0.6 0.8 22.0 20.3 0.7 1.4 20.4 0.6 0.8 20.7 0.3 0.1 0.4
CYS 20.5 0.3 20.5 0.2 212.3 20.6 0.0 20.7 20.5 21.5 1.1 0.3 20.7 2.1 1.9 0.7 1.221.1 22.8 21.0 20.6
VAL 0.3 0.3 20.7 0.5 20.6 21.3 0.0 21.4 0.5 21.0 2.4 1.3 21.2 2.0 2.0 0.8 1.3 0.622.6 20.9 22.6
THR 0.4 0.1 0.1 20.2 0.0 0.0 20.5 0.0 0.6 0.3 21.1 20.5 0.4 1.9 0.2 0.2 0.820.9 0.1 20.2 0.4
ILE 0.5 0.5 20.8 0.7 20.7 21.4 0.0 21.6 0.6 21.5 2.2 1.8 21.4 2.0 1.9 1.0 1.3 0.722.5 21.6 23.0
PRO 0.7 0.7 0.4 0.6 20.5 0.5 0.6 0.6 0.8 0.2 2.0 1.1 0.8 3.2 2.5 0.5 1.621.1 20.4 22.8 23.3
MET 0.4 0.4 20.7 0.8 21.5 21.0 0.3 21.5 0.2 22.7 2.1 1.1 21.3 1.8 1.4 0.9 1.621.5 24.4 22.7 24.5
ASP 1.4 0.0 0.5 22.0 1.1 2.4 21.1 2.2 2.0 2.1 1.221.1 2.6 22.7 2.5 0.4 25.9 22.0 2.4 21.1 0.4
ASN 0.8 0.3 0.3 20.3 0.3 1.3 20.5 1.8 1.1 1.1 21.1 21.8 1.8 1.2 0.5 20.8 0.7 0.1 0.9 20.7 21.5
LEU 0.7 0.5 20.7 0.7 20.7 21.2 0.4 21.4 0.8 21.3 2.6 1.8 21.5 2.4 2.2 0.6 1.520.1 22.5 21.1 23.1
LYS 1.7 1.6 1.7 1.4 2.1 2.0 1.9 2.0 3.2 1.822.7 1.2 2.4 5.2 23.0 2.0 5.8 3.6 2.621.2 20.6
GLU 2.3 1.2 1.5 20.4 1.9 2.0 0.2 1.9 2.5 1.4 2.5 0.5 2.223.0 4.1 2.0 26.4 21.5 2.9 20.2 0.9
GLN 1.1 0.5 0.4 0.6 0.7 0.8 0.2 1.0 0.5 0.9 0.420.8 0.6 2.0 2.0 1.220.3 0.9 20.1 21.5 22.0
ARG 1.5 0.9 1.2 0.8 1.2 1.3 0.8 1.3 1.6 1.625.9 0.7 1.5 5.8 26.4 20.3 0.2 0.0 0.3 22.5 27.0
HIS 1.2 0.8 20.2 20.7 21.1 0.6 20.9 0.7 21.1 21.5 22.0 0.1 20.1 3.6 21.5 0.9 0.0 21.4 23.5 25.3 25.9
PHE 1.1 0.1 21.2 0.3 22.8 22.6 0.1 22.5 20.4 24.4 2.4 0.9 22.5 2.6 2.9 20.1 0.3 23.5 25.7 22.9 24.6
TYR 1.1 20.5 20.9 0.1 21.0 20.9 20.2 21.6 22.8 22.7 21.1 20.7 21.1 21.2 20.2 21.5 22.5 25.3 22.9 22.9 22.8
TRP 0.8 21.1 20.9 0.4 20.6 22.6 0.4 23.0 23.3 24.5 0.4 21.5 23.1 20.6 0.9 22.0 27.0 25.9 24.6 22.8 26.4
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after analysis of simulations of several sequences of real pro-
teins. The objective was to obtain as accurate as possible
secondary structure in the collapsed state and as small as
possible rms for correctly folded fragments. In addition, in
the unfolded state, hydrophobic clusters could not be too
stable, and only a marginal amount of regular secondary
structure~5–10 %! could be present. If hydrophobic clusters
are too stable, then the molecule becomes kinetically trapped
and will not fold. Conversely, if they are too weak, then the
molecule never becomes compact. In particular, the one body
term tends to generate a reasonable distribution of hydropho-
bic and hydrophilic residues with respect to the interior of
the compact protein. If pairwise interactions are too weak,
then one sees association of charges having identical sign
both on the surface and in the interior of the molecule. If
secondary structure terms are turned off, then collapse to
random compact states having little secondary structure is
observed. This is in contrast to the hypothesis of Dill and
co-workers17 that compaction will induce secondary struc-
ture. If intrinsic secondary preferences are too strong, then
too much secondary structure will be present in unfolded
state. Empirically, we found that an approximately 1:1 dis-
tribution of the energy between the short and long range
contributions, respectively, can produce denatured states with
marginal secondary structure and yield compact conforma-
tions with regular secondary structure and a reasonable dis-
tribution of hydrophobic and hydrophilic residues. For pair-
wise interactions, the scaling factor is 0.325; for the H-bond
energy, it is equal to 2.5. Otherwise, all scaling factors are
equal to 1. A more detailed analysis of the effects of various
contributions to the potential on the nature of the folding
transition and the character of the resulting compact confor-
mations will be discussed in greater detail in a future publi-
cation.

E. Simulation algorithm

The simulation algorithm used in this work is very simi-
lar to that described previously25 except for the energy up-
dates described above. A standard asymmetric Metropolis
scheme43 is used which employs a set of local micromodifi-
cations of the chain conformation and small distance motions
of larger parts of the model chain. All simulations started
from an expanded random coil state, which is different for
each run. During the simulation, the temperature is gradually
lowered from a temperature of 1.7~well above the folding
temperature!, to T51.0 ~T50.8 for the four member
b-barrel, see below! that is below the folding temperature.
The folding temperature could be determined from the en-
ergy ~and energy fluctuation! changes, as well as from the
conformational characteristics~e.g., chain collapse!. Unlike
researchers performing exhaustive enumeration studies of
relative short chains on very simple lattices, we cannot be
sure that the lowest free energy~or energy! state is obtained.
Thus, a series of simulations is run, and the reproducibility
of the structures between independent simulations is
checked. We assign native states based on the idea that they
exhibit the lowest minimum and average energy during the
course of the simulation and that the putative native confor-
mation is reproducibly folded.

III. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show schematic drawings~ribbon
models and topology diagrams! of the twob motifs that are
the target of the sequence designs studied in this work. Even
though four memberb-barrels are not seen in nature, they
form the core of the Greek keyb-barrels. Consequently, a
four memberb-barrel was chosen as the first example for
sequence design. In particular, in these simulations, we fo-
cused on the ‘‘U’’ topology as opposed to the ‘‘Z’’ topology,
shown in Fig. 1~c!. We then proceeded to build on insights
obtained from this simple case to design a sequence which
folds to the more complicated Greek key topology, for which
domain 1 of chymotrypsin serves as the prototype.

A. Design of a minimal four member b-barrel

The first very simple sequence we designed is shown in
the second column of Table II, along with the expected sec-
ondary structure which is shown in column five. The basic
design idea was to choose an alternating pattern of identical
hydrophobic, VAL, and hydrophilic residues, SER, to form
the putative beta strand regions. Both VAL and SER are ex-
pected to be beta forming residues. We also chose three iden-
tical sets of turns sequences, formed by GLY-PRO-ARG,
since these residues are more hydrophilic. Eleven indepen-
dent simulations were performed. Of these, seven adopted
very irregular, low temperature conformations, four adopted
a single sheet structure and one formed a Z-type four mem-

FIG. 1. Schematic representation of the two designedb-type folding motifs
~a and b!. The corresponding amino acid sequences are given in Tables II
and IV. In the topology diagrams shown on the right-hand side, the thick
~thin! arrows indicate the connections on the top~bottom! of barrels. The
left-hand side depicts the corresponding ribbon type topological diagrams.
Two possible topologies of the four memberb-barrel are also shown~c!.
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ber barrel, which was the lowest energy structure observed
by 10 kT. The topology of a Z barrel is schematically de-
picted in Fig. 1~c!. The results of simulations on the first
sequence~b4a! seem to indicate that there are several isoen-
ergetic ~or nearly isoenergetic! structures. This situation is
somewhat similar to the two isoenergetic structures observed
in experimentally designed four helix bundles.44,45This lack
of reproducibility may be due to a number of competing
effects. Hydrogen bonding tends to drive the system to a
single sheet structure, whereas hydrophobic interactions tend
to generate collapsed structures. The uniform pattern of hy-
drophilic and hydrophobic residues has multiple conforma-
tions where the strands can pack with identical pair interac-
tion energy. In other words, this sequence lacks interactions
that destabilize alternative folded conformations. Further-
more, the hydrophobic core may be too small to generate
unique stable structures. Finally, because of the large number
of unburied hydrophobic residues, a single sheet structure
would not be expected to be stable in nature; this points out
the need to improve the burial potential. Work in this direc-
tion is now in progress.

Could we select a single topology of the barrel by proper
modification of the sequence? The redesigned sequence,b4b
~see Table II, column 3!, has more flexible turns~GLY-
residues!. We introduced two oppositely charged residues

~LYS and GLU! in the first two putative strands that are
designed to form a part of the hydrophilic surface of the first
sheet. The hydrophobic core of the model protein is better
defined by introducing two PHE residues in the middle of the
second putative sheet, on its hydrophobic face. This should
not only enhance the hydrophobicity of the model, but the
inclusion of nonidentical hydrophobic residues should break
the degeneracy of the compact conformations.

In a series of five runs, the behavior of this redesigned
sequence was found to be qualitatively different from se-
quenceb4a. In two cases, the expected topology of the bar-
rels has been obtained. These final structures consist of two
well defined sheets~strands 1 and 2 form the firstb-sheet
and strands 3 and 4 form the secondb-sheet! which exhibit
well defined packing of the hydrophobic residues. A ‘‘Z’’
type four member barrel is obtained in one run, and single
sheet structures are obtained in the other two simulations.
Clearly, the introduced sequence mutations exhibit a large
influence on the behavior of the model system. However, the
misfolded states once again reflect the interplay of
H-bonding plus associated cooperativity, which prefer a
single sheet arrangement and the burial/hydrophobic interac-
tions which favor a two sheet structure. This competition can
also be noticed from the comparison of various contributions
to the total energy. For example, one of the single sheet
structures has the lowest H-bond energy because it has a
larger network of model H-bonds.

Due to apparently insufficient hydrophobic interactions
of sequenceb4b to drive formation of the hydrophobic core,
we examined a third sequenceb4c ~shown in the fourth col-
umn of Table II!. b4c contains two additional PHE residues,
and one additional pair of oppositely charged residues in the
putativeN-terminal sheet. As indicated by Table III, theb4c
sequence behaves more like a real protein. Four of the ten
simulations produce ‘‘U’’ type four member barrels; a repre-
sentative example is shown in Fig. 2~a!. Three of the ten
simulations produce ‘‘Z’’ type four member barrels; a repre-
sentative example is shown in Fig. 2~b!. One of these
Z-shaped barrels is a mirror image of the other two. The
remaining simulations yield distorted beta barrels, the lowest
energy of which is a ‘‘U’’-shaped barrel, whose sheets are at
roughly right angles to each other, see Fig. 2~c!.

When the three lowest energy structures are considered
~see Table III!, this sequence rapidly folds to a well-defined
‘‘U’’ shaped four member barrel, with a higher degree of
reproducibility. This is not only evident on the level of global
topology, but also on the level of side chain contact maps
~which reflect better defined packing of the ‘‘protein’s’’ hy-
drophobic core! and the small rms between structures~in the
range of 3 Å!. Based on the side chain contact pattern, the
fourth ‘‘U’’ shaped four member barrel did not develop a full
hydrophobic core, and therefore, its energy was somewhat
higher. Thus, because of its highest reproducibility and low-
est energy, the U-shaped four memberb-barrel is tentatively
assigned to be the proper low energy state for theb4c se-
quence. However, based on these results, the topology is not
uniquely defined.

TABLE II. Sequences of designed four memberb-barrels.

Residue
# b4a b4b b4c

Secondary
structure
type

1 HIS GLY GLY coil
2 SER SER GLU b
3 VAL VAL VAL b
4 SER SER SER b
5 VAL VAL PHE b
6 SER GLU GLU b
7 VAL VAL VAL b
8 GLY GLY GLY turn
9 PRO GLY GLY turn
10 ARG VAL VAL turn
11 SER LYS LYS b
12 VAL VAL PHE b
13 SER SER SER b
14 VAL VAL VAL b
15 SER GLY LYS b
16 GLY GLY GLY turn
17 PRO GLY GLY turn
18 ARG GLY GLY turn
19 VAL VAL VAL b
20 SER SER SER b
21 VAL PHE PHE b
22 SER SER SER b
23 VAL VAL VAL b
24 GLY GLY GLY turn
25 PRO GLY GLY turn
26 ARG VAL VAL turn
27 SER SER SER b
28 VAL PHE PHE b
29 SER SER SER b
30 VAL VAL VAL b
31 SER SER SER b
32 GLY GLY GLY coil

10291Kolinski, Galazka, and Skolnick: Idealized b-motifs

J. Chem. Phys., Vol. 103, No. 23, 15 December 1995Downloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



B. Simulations of six-member Greek key b-barrels

The experiments on the minimal four-member beta bar-
rel show that substantial sequence specificity is required in
order to obtain an almost uniquely folded state. However, the
failure to design a unique topology is partially caused by the
inability to form a well defined and completely buried hy-
drophobic core in such a small structure. Consequently, we
examined a sequence which is expected to adopt a six-
memberb-barrel fold. In particular, the sequence designed to
adopt the Greek key topology depicted in Fig. 1~b! is shown
in column two of Table IV and contains 45 residues. It in-
corporates the design insights obtained from our study of
sequenceb4c. The putative turns are comprised of GLY link-
ers chosen because of their conformational flexibility. The
first putative sheet consists of strands 1, 4, and 5 and the
second putative sheet consists of strands 2, 3, and 6. The

hydrophobic core is anchored by two pairs of PHE residues
in central strands 3 and 4. The hydrophilic surfaces are built
from charged residues whose location is designed to disfavor
alternative topologies.

The designed sequence was then subject to 14 indepen-
dent folding simulations, each starting from a different ran-
dom expanded state and driven by slow temperature anneal-
ing fromT51.5 toT51.1. Theresulting energies including
the contribution of the various components are shown in
Table V. In all the simulations, when the temperature is be-
low 1.4, the proper topology formed~in some runs, the
proper fold formed and dissolved several times!. In 11 out of
14 runs, atT51.1, thefinal state was locked in the expected
fold. In two cases, the final state has topological errors and is
clearly misfolded~simulations #6 and #11!. These folds have
the noticeably higher energy by about 30–55kT. In both
cases the errors occurred near the C-terminus of the polypep-
tide chain. In one case, the mirror image topology has been
obtained~simulation #7!. Again, it has higher energy than the
proper topology. The properly folded states~11 of 14! from
various runs are the same within the resolution of the model.
It is noteworthy that the energy of correct folds from various
simulations ranges from2263kT to 2235kT. Moreover,
the individual contributions to the final energy can vary quite
a bit for these states~compare, for example, simulation #1
with simulation #13; both have almost the same total energy,
but the long range contributions differ by 10kT!. The con-
tribution that most clearly differentiates folded from mis-
folded states is the hydrogen bond energy. These observa-
tions strongly indicate that while the correctly folded
structures are unique on the level of topology~almost the
same pattern of hydrogen bonds! the details of the model
side chain packing and local main chain conformations are
less accurate.

A typical Ca trace for the final state at a temperature
T51.1 is shown in Fig. 3. The rms deviations between the
pairs of independently folded structures are on the level 1.5–
3.5 Å. This is very close to the level of resolution of the
present model. In all cases, the hydrophobic core is well
defined and unique~all the PHE residues are in contact with
the other PHE residues; however, when larger rms deviations
between structures are present, some fluctuations are appar-
ent!, and the pattern of hydrogen bonds is very reproducible
~more than 80% similarity between the final correctly folded

FIG. 2. Representative final conformations in two different views for the
b4c sequence given in Table II.~a! The lowest energy U-shaped barrel~top
and side view!. ~b! The Z-shaped barrel~top and side view!. ~c! Misfolded
structure composed of two almost orthogonal minimalb-sheets.

TABLE III. Energy of the final state fromb4c simulations.

Simulation FinalE Rotamer Local backbone H bond energy Long range Topologya

1 2174.1 213.0 279.7 231.2 250.1 U
2 2176.8 29.0 279.5 235.1 253.0 U
3 2147.3 28.3 272.0 228.1 238.8 Z
4 2155.1 210.4 271.1 230.5 242.9 Z
5 2163.2 210.1 278.4 227.4 247.2 •••
6 2169.6 213.8 280.1 231.0 244.5 U
7 2145.4 212.0 271.0 228.4 234.3 •••
8 2158.3 212.3 273.6 233.1 239.1 U
9 2169.2 213.6 277.4 237.1 240.9 Z
10 2162.5 29.7 281.4 230.3 240.9 •••

aZ, z-shaped connections; U, the u-shaped connections.
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structures!. The same level of reproducibility is seen for con-
tact maps14 of the side groups.

The behavior of the model system during the slow simu-
lated annealing is very interesting. In Fig. 4, we display a
typical folding trajectory. Folding in this case is seen to oc-
cur by an on site construction mechanism46 ~also referred to
as a hydrophobic zipper model47!, where secondary structure

formation is accompanied by the formation of tertiary con-
tacts. In the particular case discussed here, the system starts

from a relatively expanded random coil state. The entire tra-
jectory contains 200 snapshots taken every time unit. Here,
we display 8 snapshots showing typical folding events. One
time unit corresponds to 2500*m attempted micromodifica-
tions per residue, withm equal to a small constant~which is
about 10! that reflects various types of local motions25 at-
tempted in a single MC cycle. We remind that the particular
MC moves25,32involve a different number of chain units, and
a single cycle of the algorithm attempts various moves in a
random order. At high temperatures at the beginning of simu-
lated annealing, the motion of the model chain is very fast.
The first three snapshots~at t510, 25, and 27! show com-
pletely uncorrelated conformations. However, even at this

FIG. 3. The snapshot of the representative final state from the folding simu-
lation of the sequence designed to adopt a Greek-key topology~top and side
view!.

FIG. 4. The schematic representation of a representative folding trajectory
of the Greek-key barrel. The numbers indicate simulation time of the par-
ticular snapshots. The time unit corresponds to2500*m ~m is a small
integer, see the description of the Monte Carlo algorithm! attempted confor-
mational jumps per residue.

TABLE IV. Sequence of designed six-memberb barrel.

Residue # 3 Type

1 GLY coil
2 VAL b
3 ASP b
4 VAL b
5 ASP b
6 VAL b
7 GLY coil
8 GLY coil
9 GLY coil
10 VAL b
11 ASP b
12 VAL b
13 ASP b
14 VAL b
15 GLY coil
16 GLY coil
17 PHE b
18 ARG b
19 PHE b
20 ARG b
21 VAL b
22 GLY coil
23 GLY coil
24 GLY coil
25 VAL b
26 ARG b
27 PHE b
28 ARG b
29 PHE b
30 GLY coil
31 GLY coil
32 VAL b
33 ASP b
34 VAL b
35 ASP b
36 VAL b
37 GLY coil
38 GLY coil
39 GLY coil
40 VAL b
41 ASP b
42 VAL b
43 ASP b
44 VAL b
45 THR coil
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stage, sometimes there are short lived elements of secondary
structure; as, for example, theb-hairpin seen att527. The
hairpin consists of putative strands 4 and 5 of the expected
Greek key fold. Subsequently, the model polypeptide chain
undergoes a very rapid collapse to a more dense state~snap-
shot att544!. The first well-defined elements of secondary
structure are formed in the middle part of the chain and in-
volve strands 2 and 3. However, in other trajectories strands
4 and 5 associate first. At the same time, the system forms a
nucleus of a hydrophobic core containing strongly hydropho-
bic PHE residues. The end strands~usually 1 and 6, and
sometimes also strand #5! are the last to assemble. These
intermediates usually form and dissolve several times. In this
particular trajectory, the correct fold appears for the first time
at t554. It then dissolves a couple of times and again adopts
all or the most of the proper fold, with the chain ends~espe-
cially the C-terminus! being the last to assemble. After
t5100 ~see snapshots att5117, andt5200, that marks
the end of the simulation!, the folded structure undergoes
mostly minor conformational fluctuations. However, in some
trajectories, an almost complete unfolding/folding process
could be observed even att.150.Here, the final structure
(t5200) has awell defined b-type pattern of hydrogen
bonds that defines two sheets~strands 1, 4, and 6 in the first
sheet and strands 2, 3, and 6 in the second sheet!.

Additional insight into the nature of the folding process
~another simulation! is provided by Fig. 5, where we plot the
rms deviation of the Ca trace~after the best superposition!
from the final state~at the time equal to 200! vs simulation
time. The system starts from a random, expanded conforma-
tion and very rapidly undergoes collapse to denser states.
These are characterized by a rms from native which is in the
range of 6 Å. It is of interest to note that different structures
with a rms in the range of 6 Å from the ‘‘native state’’ usu-
ally have qualitatively different folds. In contrast, when the
rms deviation is about 3 Å, the mutual arrangements of the
strands are native like; there are only minor deviations in the
hydrogen bond network and the packing of the side chains.

The simulation depicted in Fig. 5 shows that there are a
few transitions into and out of the native conformation. In
this run, the native structure~albeit with substantial local
fluctuations! lasts fromt550 to t570; then, upon a larger

thermal fluctuation, it dissolves. At lower temperatures, after
another collapse to the native fold~roughly neart5100 in
this run!, the system spends quite a long time adopting a
better packing arrangement of the side chains and readjusting
the hydrogen bond network. The plateau near 2 Å rms indi-
cates that there are no additional substantial conformational
changes and that a unique low temperature state~within the
resolution of the model! has been adopted. Comparison with
simulations on four member barrels, indicates that the fold-
ing in the six-member barrel is more cooperative.

The above statement that independent simulations con-
verge to the same structure is further substantiated by com-
parison of two independent trajectories. In Fig. 6, we plot the
rms deviation between corresponding snapshots from two
independent simulations as a function of MC time. At high
temperatures~at the beginning of simulated annealing!, the
trajectories are completely uncorrelated, with an rms in the
range of 12 Å between corresponding conformations. A local
minimum aroundt580 to t590, reflects the coincidental
time ~which is random! of two folding attempts. After
t5150, both trajectories show the native state, and the rms

FIG. 5. Plot of the distance Ca trace rms from the final state of the repre-
sentative folding experiment on the designed Greek-key barrel sequences as
a function of simulation time. The time unit corresponds to2500*m ~m
small integer, see the text! attempted conformational jumps per residue. The
initial temperature isT51.5, thefinal temperature is equal to 1.1, and
changes in linear fashion with time.

TABLE V. Energy for the final states from the Greek key simulations.

Simulation FinalE Rotamer Local backbone H bond energy Long range Topology

1 2258.9 219.6 2106.3 251.9 281.1 correct
2 2241.5 222.0 2105.6 242.4 271.4 correct
3 2235.1 220.4 2110.3 246.2 258.3 correct
4 2241.8 216.6 2111.4 245.8 268.0 correct
5 2247.0 221.4 2107.6 247.4 270.7 correct
6 2218.8 223.1 296.4 237.9 261.5 misfolded
7 2240.5 216.8 298.6 244.8 280.4 image
8 2249.3 223.6 2119.5 245.7 260.4 correct
9 2252.7 223.2 2104.4 247.7 277.4 correct
10 2257.2 221.2 2112.6 249.8 273.5 correct
11 2208.1 219.3 291.1 234.3 263.4 misfolded
12 2250.9 223.3 2113.8 250.9 262.9 correct
13 2256.1 222.0 2112.3 250.9 271.0 correct
14 2263.1 221.5 2115.7 251.2 274.7 correct
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distance between two snapshots taken at identical simulation
times decays slowly to values in the range of 2–3 Å.

These results show that our design of Greek key barrel is
reasonably successful. The model polypeptide cooperatively
folds with high reproducibility to a low temperature state
which is structurally unique in the context of this model. Of
course, there is no guarantee that in reality this sequence is
foldable, nor is the accuracy of the present model sufficient
to differentiate native conformations from molten globule
states. Nevertheless, these simulations demonstrate that
model beta proteins having a close resemblance to real struc-
tures are obtained when the sequence strongly encodes for
secondary structure, has hydrophilic residues that eliminate
alternative folds and has hydrophobic residue diversity that
reduces the degeneracy of side chain packing in the protein
core.

IV. SUMMARY AND CONCLUSION

In the present paper, we have attempted to design se-
quences that adopt simplified beta motifs. While we realize
that the conclusions obtained are dependent on how accu-
rately the model mimics the features of real proteins, with
this caveat in mind, the following qualitative features for
beta protein design criteria emerge. Much as in the case of
designed helical proteins studied both experimentally and in
an earlier version of this model, structural uniqueness re-
quires that the hydrophobic core contain a number of differ-
ent hydrophobic residue types. This is required to insure that
a unique registration of the side chains is achieved. Here, this
is accomplished by using both VAL and PHE as the putative
core residues. Interestingly, as has been suggested by Har-
bury et al.,48 we also find that interactions between hydro-
philic residues are important in that they destabilize mis-
folded structures. In our case, they are located on the outside
of the protein and act to favor the correct Greek key topology
and disfavor alternative strand packing arrangements. Fi-
nally, we have found that glycines can be used to mark turn
regions. This would indicate that under suitable conditions,
the native topology can be determined by the packing inter-
actions between secondary structural elements such as beta

strands. Such a result has also been seen experimentally in
the redesign of some naturally occurring proteins.49

A final important conclusion from the present study is
that the force field proposed for the reduced representation of
the polypeptides reflects some general features of the com-
plex interactions that stabilize the native conformation in
globular proteins. The model responds in expected ways to
‘‘mutations’’ of amino acid sequence. The information en-
coded in the sequence is at least qualitatively transmitted into
a potential that properly selects not only the structural class
of the folded state, but also finer topological and packing
details. The low temperature states are ‘‘proteinlike’’ on the
level defined by the resolution of the proposed model. The
best example is the designed six-member, Greek key
b-barrel. The optimized sequence folds with high reproduc-
ibility to a unique~within the 2–3 Å resolution of the model!
‘‘nativelike’’ state. Thus, for a highly idealizedb-sequence,
successful de novo folding from arbitrary random conforma-
tions to a structure that has much in common with the native
state of real proteins has been demonstrated.

While these results are encouraging, it is important to
emphasize that the finer atomic details are absent in the
present reduced model. Consequently, it is rather difficult to
conclude whether the proposed sequences would, in reality,
be able to adopt unique hydrophobic core packing, with side
chain fixation, that is characteristic of native proteins.36 It is
possible that they can only achieve a ‘‘molten globule’’
state.36,37The problem of the kinetic accessibility of the ‘‘na-
tivelike’’ state needs further investigation. Another potential
problem in real experiments may arise from protein aggrega-
tion; an effect which is entirely ignored here. Nevertheless, it
appears that the crude engineering of proteins could be aided
by the proposed method.

In future work, the model will be used to design more
complex structural motifs and to predict of the structure and
folding pathways of additional small natural globular pro-
teins.
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APPENDIX

The present version of the pair potential is based on the
idea that the effective interaction between pairs of residues
should reflect the average interaction energy between the
heavy atoms that constitute the interacting partners. Thus, a
protein is divided into twenty three classes of interacting
residue types$ j %. The 23 classes consist of the backbone
heavy atoms, the 20 naturally occurring amino acid side
chains, crosslinked cystine and ligated histidine. Within each
class, there are a number of members,mj , comprising the
heavy atoms. In the backbone, for example, there are four

FIG. 6. Representative plot of distance rms between corresponding snap-
shots of two folding trajectories for the Greek-key sequence as a function of
time ~see the text!.
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members,g, consisting of the alpha carbon, the C8 carbon,
the carbonyl oxygen, and the amide nitrogen. For a given
side chain type, the members are treated distinctly, so that the
interaction of a beta carbon belonging to valine may have a
different pair potential from that of a beta carbon in pheny-
lalanine. This was done so as to include the possibility of
specific geometric effects~e.g., the fact that a beta carbon in
alanine will likely have more interresidue interactions than a
beta carbon in tyrosine, which may be partially shielded due
to geometric factors!.

The pair potential between heavy atomsg andd belong-
ing to side chainsi and j , respectively, is estimated from

e~gd,i j !52 ln@Nobserved~gd,i j !/Nexpected~gd,i j !#.
~A1!

Here,Nobserved(gd,i j ) is the observed number of contacts in
a database of 228 PDB globular protein structures, and
Nexpected(gd,i j ) is the expected number of contacts, if the
groups of heavy atoms randomly mix with no preferential
pair interactions whatsoever. In a folded protein environ-
ment, which includes secondary structure and a collection of
groups of different size and shape, the calculation of
Nexpected(gd,i j ) is extremely difficult.

To obtain an estimate ofNexpected(gd,i j ), we follow in
the spirit of a previous generalization of Flory–Huggins
theory,25 but we now explicitly focus on the determination of
a potential of mean force between heavy atom pairs. Each
heavy atom is assumed to have a total coordination number
of sitesz57.8.This number is near the maximum number of
contacts~corrected for very infrequent occurrences! seen in
the PDE database and is obtained by assuming that a pair of
heavy atoms is in contact if their distance is less than or
equal to 4.5 Å. Each chemical bond that forms reduces the
number of the possible interaction sites by one. Thus, the
backbone carbonyl oxygen hasz21 sites, a backbone carbo-
nyl carbon hasz23 sites, and an alanine methyl group has
z21 sites. Letzg, j be the number of available interaction
sites of groupg in residue classj .

In the database ofL protein structures, letNj be the total
number of examples of class typej . Then, the total number
of possible contacts is

N5(
j51

23

(
g51

mj

Njzg, j . ~A2!

Note thatN will in general be greater than or equal to the
total number of observed contacts,Nobs, since there are sur-
face residues as well as interior residues whose coordination
sphere is not completely saturated.

We now introduce the contact fraction of groupg in
residue classj , fg j ,

fg j5Njzg, j Y(
k51

23

(
g51

mk

Nkzg,k . ~A3!

If all the heavy atoms have the same coordination number,
then the contact fraction is equal to the mole fraction. In
general, this is not the case, and the contact fraction acts to
account for different coordination numbers of the groups
present in proteins.

For groupg in residue classi , the total number of pos-
sible interactions isNizg i . In the Bragg–Williams approxi-
mation, the probability that each site interacts with group
typed of classj (Þ i ) is fd j . Thus, the expected number of
gd,i j contacts,

Nexpected~gd,i j !5Nizg ifd j5Nfg ifd j . ~A4!

Similarly, the number of contacts between identical groups is

Nexpected~gg,i j !5Nfg i
2 /2. ~A5!

The factor of 2 corrects for overcounting.
Using Eq. ~A4! or ~A5! in Eq. ~A1!, provides for the

interaction energy between heavy atom pairsgd of classesi
and j , e(gd,i j ). In the lattice folding simulations, side
chains are represented as single spheres located at the side
chain centers of mass; thus, we require the average pair in-
teraction energy between residues~or classes! of typesi and
j , e( i , j ). To obtain this quantity, we averagee(gd,i j ) over
all heavy atom contacts in the original database. Specifically,
let the l th protein in the database (l51,L), contain nres(l )
residues. LetAk denote the class of residue type (52–23) at
position k in the sequence@k51,nres(l )#. All backbone
groups are treated identically for convenience; however, in
general this need not be true.k.(,)0 denotes the side
chain ~backbone! located at positionk in the sequence. We
define a generalized contact matrix between all pairs of
heavy atomsgd of classesAi andAj , at positionsi and j in
the sequence

C~gd,AiAj !5H 0 if heavy atomsgd, AiAj are not in contact

1 if heavy atomsgd, AiAj are in contact
. ~A6!

Similarly, we define the side chain-side contact functionX by

X~AiAj !5minF (
g51

mAi

(
d51

mAj

C~gd,AiAj !,1G . ~A7!

That is,X equals 1 if there is at least one heavy atom–heavy atom contact, and it is zero, otherwise. Thus, the average pair
energyE( i , j ) is obtained from

e~ i , j !5
( l51
L ( i52nres~ l !

nres~ l ! ( j52nres~ l !
nres~ l ! (

g51

mAi (
d51

mAj C~gd i j !e~gd i j !

( l51
L ( i5nres~ i !

nres~ i ! ( j52nres~ j !
nres~ j ! X~AiAj !

. ~A8!
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The numerator is simply the total interaction energy between
pairs of heavy atom groups in the database, and the denomi-
nator is simply the total number of contacting pairs of classes
of residue typesi and j which have at least one heavy atom
pair in contact.
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